Abstract The capture efficiency (CE) of particulate matter in a novel metal substrate was evaluated using an exhaust gas after treatment system rig. The CE was measured for different temperatures, flows and channel lengths. The trends of CE showed the expected behavior as the CE increased for higher temperatures, lower velocities or longer channel lengths. The experimental results were compared against theoretical calculations of different types in order to visualize and interpret the observed CE in the novel metal substrate. Computational fluid dynamics simulations investigations indicated that inertial mechanisms on particle deposition were active in the metal substrate. It was also demonstrated that the channel length was the most significant factor for increased CE.
Introduction
Emission of particulate matter (PM) constitutes a big threat to climate change as well as to human health. It is estimated that the death of 3.7 million people were attributed to ambient air pollution [1] . In the US, it has been shown that the largest contributor for pollutant-related mortalities are road transportation causing more than 50.000 premature deaths per year [2] . Therefore it is necessary to apply best available practice for all diesel vehicles as one means to reduce premature death [3] . The diesel particulate filter (DPF) is a viable way to reduce the PM emissions but it also induces a pressure drop that results in a fuel consumption increase. A detailed understanding of the processes in a DPF is important to enable performance improvements. This detailed understanding encompasses fluid dynamics for PM capture, PM transformations and the oxidation kinetics. Furthermore, the performance is influenced by any upstream components, such as the diesel oxidation catalyst (DOC). The DOC removes emissions of CO and hydrocarbons (HC) as well as oxidizes NO to NO 2 , which is beneficial for the soot oxidation in the downstream DPF. Furthermore, it effectively removes volatile components from the PM [4] and thus changes the PM characteristics in terms of both composition and size. The pressure drop over the DPF depends on the particle size distribution (PSD) which determines the ratio of ''deep filtration'' (deposition inside the pores) and ''soot cake filtration'' (deposition on the channel walls) [5] . Deep filtration, as compared to cake filtration, results in a faster raise in back pressure and makes the effects of ash deposits more severe. The upstream component (i.e. DOC) should therefore, in addition to remove as much PM as possible, alter the PSD to increase the soot cake filtration.
The DOC substrate has often straight square channels and a low pressure drop. There are also metal substrates available, which enable more advanced channel geometries for increased external mass and heat transfer (at a cost of higher pressure drop). Since compartment space in a vehicle is an issue, it is of interest to have smaller components, and metal substrates could therefore be a good solution. In addition to DOC performance, it is essential to assess the PM removal and transformation, which thus is the motivation of the current investigation.
In order to enable systematic studies of this complex process, an experimental setup (exhaust after treatment system, EATS) that can isolate individual phenomena has been developed [6] . In a previous study, we have also shown how the HC part can be isolated from the solid fraction [4] . In this work we have thus placed an open (inert) monolith upstream the substrate in order to remove the effect of volatile components and to assess the capture of the solid part of the PM. The objective of this study is to evaluate the PM capture in an open metal substrate for different conditions in terms of increased capture efficiency compared to straight channel geometries.
Materials and Method
The EATS (as described in [6] ) was used to study the Capture efficiency (CE) of PM over a metal substrate connected to a single cylinder heavy duty diesel engine. The investigated substrate was a novel metal based substrate with almost triangular channels. Each channel consisted of a number of protrusions generating enhanced external mass and heat transfer. In contrast to other similar metal based substrates using cross flow between channels to enhance mass and heat transfer, the currently employed substrate only relies on smooth protrusions to generate a flow that is laminar, thus achieving a low back pressure. In order to enable any effect of catalytic soot oxidation (either direct or by means of NO 2 oxidation), the substrates were coated (Pt on Alumina) with a Pt loading of 40 g/ft 3 and a washcoat thickness of 40 lm. Three different lengths were investigated, all with a diameter of 100 mm. The diameter used for measurement in the experimental setup was reduced by an end-flange to 34 mm in order to generate sufficient channel velocities (c.f. Fig. 1 ). Besides substrate length and velocity, the temperature was varied. An inert monolith was placed upstream to minimize any effect of condensed hydrocarbons [4] . A schematic picture and a photo is displayed in Fig. 1 .
The particle size distribution (PSD) was measured using a DMS500 (from Cambustion) at different positions. The sampling point was chosen by means of pneumatic valves and all heated sampling lines had the same length and used conductive Teflon pipes. The primary dilution was set to 2 and the 2nd dilutor was adjusted to get a signal amplitude recommended by the instrument supplier (mostly 20 or 50). Sample was also fed to an emission analyzer (AVL AMAi60) to enable complementary analysis of gas phase components. The engine was a 2 dm 3 single cylinder engine running at constant, low load (1000 rpm, 120 Nm) for all experiments. The first control valve was adjusted to get approx. 15 % EGR and the second valve was adjusted to get the desired flow through the substrate. A controlled heater (max power 3 kW) was used to get the desired temperature and all substrates were placed in an oven to ensure adiabatic conditions. The experiments were performed in a full factorial approach covering three different substrate lengths (48, 90, 148 mm), three different temperatures (120, 250 and 300°C) and three ambient velocities (5, 10 and 15 Sm/s 1 ). The temperature was controlled by a heater and oven controller and the flow was adjusted by a butterfly valve after the EGR valve. By using the upstream monolith and applying the Hagen-Poiseuille equation (valid for laminar flow in well-defined channel geometries) implemented in a LabView environment, the flow could be well controlled. The monolith was a 400 cpsi un-coated cordierite (from Corning, L = 100 mm, monolith diameter = 98 mm, channel diameter = 1 mm). The capture efficiency is defined as The experimental CE was compared to a theoretical CE [7] given by
where PE is the penetration efficiency, Q is the volumetric flow rate, A s is the channel surface (transfer) area and h m the average mass transfer coefficient. h m is given by
where D p is the (size dependent) particle diffusivity, d ch is the hydraulic diameter of the monolith channel and Sh is the Sherwood number based on the channel hydraulic diameter. Two different theoretical CEs were calculated. One theoretical CE that is based on a straight (triangular) channel with an average Sherwood number (Sh) from a correlation [8] . The second calculation was based on CO oxidation experiments (adapted from [9] ), to derive a more relevant asymptotic Sh which was then fed into the correlation.
The inlet temperature to the inert monolith was measured in conjunction with the inlet temperature to the metal substrate and the difference was in all cases less than 1°C. Besides residence times and pressure drop, the NO 2 /NO X were measured (no significant NO X reduction could be observed). All relevant data are presented in Table 1 .
Results and Discussion
One representative experiment is shown in Fig. 2 . The PSD shows a large portion of smaller particles as a result of the injection timing for the diesel combustion. From the Capture efficiencies over the inert monolith in Fig. 2 , it can be seen that the PSD entering the inert monolith is influenced by HC content (CE1 is much higher than the theoretical CE). The CE over the metal substrate is similar to the CE of the inert monolith, even though the residence time was approx. 5 times shorter. As shown in the figure legend, the residence time for the inert monolith was 52 ms where as for the metal substrate the residence time was only 10 ms, due to the reduced diameter as described above. It should also be pointed out that the capture efficiency is highly sensitive to non-linearity in the particle size distribution. The instrument has a cut-off at its limit of detection (approx. 1e3 part/cm 3 ) and at those levels, the calculation of CE gives higher values. This can be seen in the lower panel of Fig. 2 at 60 nm but also at the outer limits for the PSD (at 5 and 250 nm). Also, for the calculation of the confidence intervals, the element-wise inverse of the PSD before is used and when the reading is zero, the confidence intervals reaches infinity and are not displayed. Both these effects can be seen in the lower panel of Fig. 2 .
In order to further evaluate the CE of the metal substrates, the CE during variation of temperature, velocity and substrate length is given below. In all figures below, the confidence intervals were omitted for clarity, but when the confidence interval included zero, or infinity, or when the PSD signal became close to limit of detection, the lines were made dashed. The confidence intervals were about as large as shown in Fig. 2 and mostly overlapping when comparing different experimental CE, which makes the analysis of a qualitative type. However, the difference between experimental and theoretical CE was always significantly different. The change in CE for varying temperature (c.f. Fig. 3 ) is showing the expected behaviors. Higher temperature gives higher diffusivity which increases the CE. On the other hand, when the temperature is increasing, the velocity is increasing (it was the standard velocity that was kept constant), and the residence time is decreasing. However, this effect is smaller than the effect of increased temperature.
The change in CE for varying flow (c.f. Fig. 4) is also showing the expected pattern: Higher velocity gives lower CE. However, this effect is reduced due to a higher Sherwood number for higher velocities and the resulting change is low as seen both from theory and experiments.
The CE for different channel lengths is shown in Fig. 5 . The change in CE is following the expected pattern: the longer residence time, the higher CE. It is noticeable, however, that the sensitivity on channel length is much larger than the corresponding theoretical sensitivity. From the figures above it can be seen that the CE is changing as expected, i.e. higher temperature, lower velocities or longer channels generates higher CE. However, the experimental CE is much higher than the theoretical. Moreover, the sensitivity is higher when varying channel length. Since the channel length is the most significant factor for a change in CE, it is the geometry of the channel that makes the major influence. Furthermore, the pressure drop is not directly proportional to the channel length, which is of interest in any automotive application.
Another note should be made about the catalytic activity. The metal substrate had a relatively high Pt loading and except for the lowest temperatures, the NO oxidation reached approx. 50 % of the thermodynamic limit. The high CE for the metal substrate could tentatively be due to catalytic oxidation by NO 2 but the temperature is too low for soot oxidation. Moreover, if the PM would be oxidized to a significant extent, a shift in particle size distribution would occur which was not observed.
The theoretical calculated CE is assuming either a straight channel and a laminar flow or a derived Sh from CO oxidation where the CE is only governed by diffusion. The discrepancy between theoretical CE and experimental CE was further investigated. To investigate the effects of the inertia of the particulate matter on the trapping efficiency in the novel metal substrate, computational fluid dynamics (CFD) simulations based on the hybrid approach of Ström et al. [10] are employed. In these simulations, the complex geometry of a full substrate channel is decomposed into a straight inlet section and a number of repeating segments involving protrusions, where it is assumed that the flow through each segment is fully developed. The capture efficiency is then described by two mechanisms (Brownian diffusion and inertial impaction/interception), which are assumed to be uncoupled. Under these assumptions, the total capture efficiency is obtained as the maximum of the Brownian capture efficiency and the inertial capture efficiency for each particle size. The simulated case was the 17 m/s displayed in Fig. 4 above. The predicted capture efficiencies from the CFD simulations are shown in Fig. 6 together with experimental data and the CE from correlations.
It should be noted that the boundary layers for mass transfer are extremely thin at the high Schmidt numbers observed for particulate matter, and hence the CFD results become very sensitive to the accuracy and quality of the computational mesh. The meshes used in the current simulations are not based on CAD-geometry data, and the absolute numbers for the diffusion losses are therefore somewhat uncertain. All the relevant flow physics are however reproduced, as the momentum transfer boundary layers are significantly thicker, so the qualitative behavior is still accurately reproduced. The inertial losses depend mainly on the velocity field and are therefore also well described quantitatively. Interestingly, the fluid streamlines closest to the walls are emptied of particles due to inertial losses in the first passage through a repeating segment, yielding a non-zero baseline capture efficiency for all particle sizes that cannot be predicted by a mass transfer analogy alone. The inertial losses would be even higher if deposition on the frontal walls at the channel entries were accounted for. Such losses are known to be non-negligible at the current gas velocities upstream the metal substrate [11] . The observation that inertial effects are important for the trapping of particulate matter in the novel metal substrate is very interesting from a scientific point of view. More specifically, this observation implies that the obtainable accuracy via the approach of using a Sherwood number correlation to describe the particle deposition is limited in substrates such as this one, and that the error becomes larger as the particle size increases. The underlying reason for this discrepancy is illustrated in Fig. 7 , Fig. 7 Visualization of the flow through one repeating segment of the novel metal substrate. The contours illustrate the velocity magnitude of the gas at the channel center and the lines depict a number of streamlines where a part of the flow field through a repeating segment is visualized by velocity contours. The strong accelerations and associated secondary flows in the planes perpendicular to the main stream-wise direction will influence inertial particles and causes enhanced deposition in the streamlines passing closest to the substrate walls.
Conclusions
The capture efficiency over a metal substrate was experimentally evaluated using a heavy duty diesel engine connected to an experimental rig that enables variation of temperature and residence time. By making a systematic comparison of the different effects, it was clear that the channel geometry is the key factor for increasing the CE. These types of experiments are very challenging since the PM from a real engine is susceptible to transformations. By enabling independent change in the process variables, the detailed understanding of the capture phenomena becomes possible. Computational fluid dynamics (CFD) simulations indicate that the discrepancies observed between the experimental and theoretical capture efficiencies in the metal substrate are at least partly explained by inertial mechanisms on particle deposition, which cannot be described by a traditional Sherwood correlation. Even though much work remains to fully elucidate the detailed mechanisms, this work shows promise both in the methodology and for the design of the metal substrate.
